Introduction
Size-selected atomic clusters on surfaces are a subject of considerable interest because of their distinctive size-dependent catalytic properties.
1,2 Catalytic activity and efficiency will depend on the size, composition, morphology, and electronic state of both the metal clusters and the supports. Metal clusters supported on oxide substrates serve as model systems for investigating these parameters on an atomic scale. [3] [4] [5] [6] [7] [8] [9] [10] [11] Pioneering studies by Heiz et al. have shown that the CO oxidation reaction rate over size-selected Pt n clusters supported on MgO(100) is strongly influenced by the cluster size. 3 They also found that Au n clusters on MgO(100) catalyse the CO oxidation at low temperature only in the presence of surface oxygen vacancies due to charging of the clusters. 4, 5 Kaden et al. reported a study of CO oxidation over Pd n /TiO 2 (110), where both CO adsorption and CO 2 production varied non-monotonically with size and the activity was shown to correlate with Pd core level shifts. 6, 7 Vadja et al. found that Pt n (n = 8-10) clusters stabilized on high-surface-area supports are 40-100 times more active for the oxidative dehydrogenation of propane than previously studied Pt and vanadia catalysts, where quantum chemical calculations indicate that under-coordination of the Pt atoms in the clusters is responsible for the surprisingly high reactivity compared with extended surfaces. 8 Mao et al investigated Pd n (n = 4, 10, and 17) clusters on Al 2 O 3 supports under oxidizing and reducing conditions, and found that the Pd atoms in direct contact with Al 2 O 3 differ in oxidation state from the surface Pd atoms in a foil under reaction conditions. 9 Watanabe et al. studied CO oxidation reactions over Pt n /TiO 2 (110) in high pressure conditions and found that the activation energy is correlated strongly with the cluster structure. 10 Bonanni et al. reported that the CO oxidation reaction over 20 Additionally, domain boundary (DB) networks are formed to release misfit-induced lattice strain in the film. [21] [22] [23] [24] [25] For ultra-thin films, the substrate metal−oxide interaction may interfere with the intrinsic behavior of the oxide material. [26] [27] [28] [29] [30] This interplay usually causes the emergence of new film-specific properties. Therefore, the use of thin oxide films grown on metal substrates is not only advantageous for exploring oxide materials themselves, but it also opens up the possibility of fabricating a new class of tunable compounds. 26, 29 As demonstrated for the interaction of Au with Al 2 O 3 /NiAl(110), the attachment of a single Au atom induces the cleavage of an Al−O bond in the film, leading to the The clean NiAl(110) surface was prepared by several cycles of Ar ion sputtering, followed by annealing at 1300 K. The thin aluminium oxide film was prepared by dosing 1800 L (Langmuir: 1 × 10 -6 Torr s) of oxygen at 600 K, followed by annealing at 1100 K for 5 min. 19 The process was repeated several times in order to close open metal patches in the film.
Pt cluster ions were produced by a dc magnetron sputtering cluster source. IRAS spectra were recorded at a sample temperature of 88 K.
In the TPD measurements, desorbing molecules were detected by a quadrupole mass spectrometer (QMS, Pfeiffer, PrismaPlus QMG220M1). The ionization region was enclosed in a small glass envelope (Feulner cup), 52 and the crystal surface was placed in front of a small opening (3 mm diameter) in this cup at a distance of 1 mm.
13
CO (Cambridge Isotope Laboratories, isotopic purity 99%) gas was introduced through a pulse gas dosing system onto the sample surface. Exposure was estimated by comparing the CO coverage uptake on Ni(111) with that previously reported. 19 In Fig. 1(a) , the upper and lower terraces of the film are domains A and B, respectively. The bright stripes are DBs, which appear as line defects of the oxide film. [21] [22] [23] [24] [25] Reflection (between domains A and B) and anti-phase DBs (between A-A and B-B) are the main structural defects in the film. The topographic contrast of the DBs arose not from the height difference but from the electronic effect: the structure is atomically flat across the DBs. [21] [22] [23] [24] [25] Observed protrusions, located both inside the Al 2 O 3 domains and on the DBs, were assigned to size-selected Pt n clusters. In this study, the area fraction of the DBs was estimated to be 10 ± 2% of the Al 2 O 3 surface, where the width of the DBs was assumed to be 1.8 nm based on STM line profiles. However, 26 ± 7% of the deposited Pt n clusters were observed on the DBs, irrespective of the cluster size (n = 7−20). This result indicates the transient migration of the clusters because Pt n clusters were thermally immobile at 300 K. 40 The morphology of the Pt n clusters was investigated by analyzing the apparent height of the Pt n clusters. Figure 2 shows the apparent height of the Pt n clusters on planar structure and that of n ≥ 19 to a three-dimensional (3D) two-layered structure.
Results and Discussion
Note that the distribution of apparent height is relatively broad, which would be due to the intrinsic structural inhomogeneity of the oxide film. 20 The and it also depends on the adsorption sites. However, it is interesting that the present simple model agrees reasonably well with the STM result.
Based on DFT calculations of free Pt clusters, it has been reported that planar clusters of up to nine atoms are more stable than their 3D isomers. [56] [57] [58] In this study, it was revealed that Pt n clusters at n ≤ 18 adsorb as a 2D planar structures on the 59 the observed IRAS peaks were assigned to CO molecules bound to the Pt n clusters.
At the initial stage of CO adsorption on the Pt 7 cluster, Fig. 4 (a), a broad peak is observed at ~2010 cm a two-layer 3D structure, it would be reasonable to assign LF CO to Pt atoms that are bound mainly by Pt−Pt bond in the cluster. HF CO is blue shifted by ~40 cm -1 from LF CO at low coverage. On the bulk Pt surface, the vibrational frequency of the CO stretch mode is ~20 cm -1 higher on terrace sites than on step sites, 62, [66] [67] [68] and so the coordination number of Pt atoms would be insufficient to explain the observed blue shift. It is well known that a stretching vibrational frequency of adsorbed CO shifts to a higher frequency when it is co-adsorbed with an electronegative species such as oxygen. [69] [70] [71] Theoretical studies have shown that electronegative atoms have a strong influence on the nearest-neighbour metal surface atoms but a weaker influence on other metal atoms. 72, 73 In the case of metal clusters on an oxide surface, metal atoms would interact with the oxygen atoms of the oxide surface. Thus, the observed HF CO (2045−2040 cm -1 ) may be ascribed to Pt atoms interacting with the oxygen atoms of the Al 2 O 3 surface.
This assignment was corroborated with a co-adsorption experiment of O 2 and CO on the Pt n clusters. In Fig. 4(d) , the black curves show co-adsorbed 13 CO with 18 O, where the Pt n /Al 2 O 3 /NiAl(110) surface was exposed to 500 L 18 O 2 at 300 K (in order to dissociate O 2 molecules), followed by CO adsorption at 88 K. Interestingly, only HF CO was observed, irrespective of cluster sizes. This result supports the above assignment that HF CO is related to Pt atoms interacting with substrate oxygen atoms.
With increasing cluster size, as shown in Fig. 4 (b) (gray dashed curve), HF CO decreases in intensity and LF CO increases. Therefore, the fraction between the two kinds of Pt atoms in the cluster depends on the cluster size. Based on the results, it may be said that the number of adsorption and/or reaction sites depends on the cluster size, which may contribute to the size-dependent chemical reactivity of Pt n clusters on the Rigorous charge of Pt n clusters would be determined by comparing the IRAS peak positions and DFT calculations as previously performed for Au/MgO(100). 4, 30, [48] [49] [50] Finally, it is informative to investigate the adsorption strength of CO to Pt n clusters. Figure 5 shows 13 CO TPD spectra adsorbed on Pt n /Al 2 O 3 /NiAl(110), where the Pt n clusters were saturated by CO at 88 K followed by TPD measurement. The amount of Pt deposits was 5 × 10 13 atoms and the heating rate was 3.5 K/s. Note that, in this experiment, QMS sensitivity was not calibrated, and so the intensity of each spectrum was normalized to allow for a simple line shape comparison. The bottom spectrum was measured after the Al 2 O 3 /NiAl(110) was exposed to 0.5 L CO at 88 K. As reported previously, CO does not adsorb on the surface at 88 K. 59 When the Pt 7 clusters were deposited, only single CO desorption was observed at 495 K. The asymmetric peak shape indicates first-order desorption. On Pt 15 and Pt 20 , similar desorption peaks were observed at ~500 K. Note that other desorption peaks were not observed up to 1000 K (not shown). After the first TPD experiments up to 1000 K, adsorbed CO was not observed using IRAS by exposing the surface to CO at 88 K (not shown). This result indicates that the amount of Pt decreased by the 1000 K heating, which is consistent with the previous report that the Pt atoms diffuse into the oxide at ≥560 K. 36 Using the redhead analysis with first-order desorption and a pre-exponential factor of 10 13 s -1
, the When sub-monolayer Pt was vapor deposited at 100 K on Al 2 O 3 /NiAl(110), a CO desorption peak was also observed at ~500 K. 38 On the other hand, when the Pt was deposited at 300 K, two desorption peaks were observed at ~150 and ~500 K with comparable intensities and CO dissociation took place. 38 Thus, Pt deposits on which CO dissociation takes place would be characterized by the 150 K desorption peak. 
Conclusions
The morphology and CO adsorption properties of size-selected Pt n clusters ( Pt n clusters (5 × 13 atoms) were deposited at 300 K, followed by 18 O 2 exposure (500 L) at 300 K. 13 CO adsorption and IRAS measurements were performed at 88 K. deposited at 300 K, followed by CO adsorption at 88 K. The bottom spectrum was measured after the Al 2 O 3 /NiAl(110) surface was exposed to 0.5 L
13
CO at 88 K. The heating rate was set to 3.5 K/s. QMS sensitivity was not calibrated, and so the intensity of each spectrum was normalized to allow for a simple line shape comparison. Fig. 1 . Beniya et al.
